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ABSTRACT: Although the -helix has long been recognized
as an all-important element of secondary structure, it generfally,
requires stabilization by tertiary interactions with other pafts
of a proteits structure. Highly charged singlelical (SAH) I 1
domains, consisting of a high percentage (>75%) of Arg,1'ys
and Glu residues, are exceptions to this rule but haveb&n
di cult to characterize structurally. Our study focuses on the A,
68-residue medial tail domain of myosin-VI, which is found 0. oo
contain a highly orderedhelical structure extending from 20 25 % 3° 48 € 50 o5 6065 70
Glu-6 to Lys-63. High hydrogen exchange protection factors

(15 150), small (ca. 4 HAl,., couplings, and a near-

perfect t to an ideal model-helix for its residual dipolar couplings (RDCs), measuredamentous phage medium,

support the high regularity of this helix. Remarkably, the hydrogen exchange rates are far more homogeneous than the
protection factors derived from them, suggesting that for these transiently broken helices the intrinsic exchange rates derivec
from the amino acid sequence are not appropriate referencENatilagation data indicate a very high degree of rotational

di usion anisotropyXX /D 7.6), consistent with the hydrodynamic behavior predicted for such a long, nearly straight

helix. Alignment of the helix by a paramagnetic lanthanide ion attached to its N-terminal region shows a decrease in alignment
as the distance from the tagging site increases. This decrease yields a precise measure for the persistend®ldnatth of 224

20 °C, supporting the idea that the role of the SAH helix is to act as an extension of the myosin-VI lever arm.

Uy

INTRODUCTION domains are believed to either serve as rigid spacers between
a protein domains, such as seen in caldesmon, or act as an
extension of the lever arms in the myosin family of proteins.
The extension of the lever arm is critical in some myfosins.

of charged and polar residues and the scarcity of X-r he lever arm of the well-studied myosin-V has six calmodulin

structure data for such motifs, they originally were believed fpund. which allows the two motor domains to simultaneously
form coiled-coil structures based upon predictions dyind to actin monomers separateq by 36 nm that corresponds
secondary structure programs. Unlike norrdadlices, to the half helical repeat of the ackament. The lever arm of

which require tertiary interactions (hydrogen bonding, hydrdY0sin-V1 only has one calmodulin bound, but single molecule

phobic, disuble, and/or van der Waals) to maintain their stepping studies demonstrate that it can also take steps

helical structure, SAH domains are stabilized by a repeatif@Sistent with a motor domain separation of 36 nm. This
rg servation suggests that the extended SAH domain helps to

pattern of four negatively (glutamate, E) and four positive , Y ; X
(arginine, R, and/or lysine, K) charged residues that for rovide the additional lever arm length in myosin-VI. Charged

dynamic intrahelical salt bridges, while the relatively long alkyf\H domains are also encountered as structural elements in
side chains of these residues provide stabilizing hydrophoBig€rwise intrinsically disordered proteins such as MFAPL,
interactions. This unique,(R/K) , feature of the peptide Where they appear to regulate the repeated conformational
sequence can confer a much higher degree of stability acro§&grgodeling of thﬁéspllceosome, required for activity of this
wide range of temperatures, pH, and ionic strength than se@iplecular machiré.They can also function as interprotein
in, for example, poly-Ala helftés. interaction motifs whe_re the distinct elgctrostatlc SAH
Although dispersed throughout the human genome, thef@ifface can play an important role, while the degree of
are just a few examples of SAH domains isolated in solutidptrahelical ER/K stabilization care-tune the strength of the
including those of caldesfi¢n160 residue;) and those from
the mechano-enzymes, myosih4¥jjosin-X, and myosin-  Received: March 21, 2019
VIIA%* Functionally, within these proteins, the SAH Published: May 22, 2019
y Y

Highly charged singlehelix (SAH) domains are found in
signi cant fraction (0.20.5%) of the human protein data-
basé. As previously pointed cuf, due to their high contents
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intermolecular interaction. The remarkable spring-like
properties of charged SAH rods also hold strong potential
for applications in protein design and enginééritig.
Despite extensive biochemical and biophysical studies of
SAH domains, atomic level structural characterization of such
helices is very sparse. To date, there is only one X-ray structure
of an SAH helix in isolatiohand very few in the context of
larger protein structures or structural complexes. The latter
invariably raise the question to what extent the observed helical
structures are impacted or stabilized by the lattice environment
in which they are observed. For example, the (non-SAH)
central helix of calmodulin contains two fully solvent-exposed
turns of -helix in its X-ray structuréwhereas in solution this
region of the central helix is fully disord&t&mlution X-ray
scattering (SAXS) experiments on the medial tail domain
(MT) of myosin-VI reveal a length oft0 15 nm, fully
consistent with an SAH structiiréTwo distinct kinks in this
helix, deduced from the SAXS data, correlate with the positions
of small hydrophobic patches interrupting the pattej(Rsf E
K), residues. However, whereas the SAXS data suggested these
kinks to be static, molecular dynamics calculations pointed to
transient unfolding of the helical turns comprising these
patche$?
Studies of SAH domains by NMR spectroscopy have proven
challenging. The very high contents of Glu, Lys, and Arg
residues, all in the-helical region of Ramachandran space,
lead to very poor resonance dispersion and cause many
ambiguities in the conventional triple resonance assignment
procedure. More than a decade ago, the 35-residue proximal
tail region of myOSin 10, Containing a 26-residue SAH Segmeﬂibure 1.NMR spectra of myosin-VI E68W MT domain. (A)
was studied by NMRHowever, although the NOEs and Sequence of the construct used, with residue types color coded as
chemical shifts clearly indicated a streimglical signature for follows: Arg and Lys in blue; Glu and Asp in red; polar, neutral GIn in
the SAH segment, resonance overlap precluded a residbleck; hydrophobic Ala, Leu, lle and Met in green; and non-native N-
specic analysis. Very recently, however, an in-depth study @1d C-terminal residues in orange. (B) Most crowded region of the
the myosin-VIIA SAH domain was reported by the samgegular Rance-Kay HSQC speutrof perdeuterated, amide-
research group,providing strong evidence for théelical protonated™N-enriched MT, recorded at 900 MHH frequency,
structure of this element, and, most importantly, providin 0°C, pH 6.3, 2 mM EDTA, yielding broad resonances. (C) TROSY-
o . ’ ’ . v SQC spectrurft recorded under identical conditions.
guantitative information on the dynamic nature of individual
salt bridges that are important for its stabilization. Remarkably,
the -helical structure appears not to be disrupted bg-a  important residue-specsecondary structure information that
residue insert near its midpoint that deviates from th€éomplements the NOE distance information.
canonical ER/K sequence pattérn. With full amide resonance assignments in hand, character-
Here, we present a detailed multinuclear NMR characteization of individual H-bonds by measurement of their
ization of the structure and dynamics of the 68-residue Miprotection against amide proton exchange (HX) with solvent
domain ofS. Scrofa)ig) myosin_V| Figure A)’ Comprising provides direct access to the fraction of time such bonds are
residues 91885, which have been shown to adopt an sAHPresent” Although chemical shift dispersion of the aliphatic
structuré?* Resonance dispersion of 1@ resonances is C and'H resonances was far too low to permit measurement
found to be particularly poor, as expected on the basis of thé su cient experimental NOE restraints tonéethe SAH
sequence composition and higtelicity of the structureN structure by conventional NOE-based methods, a full set of
and*HN resonance line widths are much larger than usual for&™ 'H" NOEs complemented BN *H", N *°C, and
68-residue construct because nearly all amide vectors &@ H“ RDCs could be measured in Pfl alignment medium
approximately parallel to the axis of th80-A helical rod, and suced to dene the structure. Moreover, a nearly
causing their ective rotational correlation times to be long.complete set 6],y couplings provided restraints for the
However, fairly well-resolvétl N maps can be obtained backbone torsion angles.
through full perdeuteration of the nonexchan%eable protonsClassicaPN relaxation analysis is adversely impacted by the
and utilization of the TROSY line-narrowingcg® Use of  near-parallel alignment of tf¢ H bond vectors. However,
four-dimensional (4D N N H NOESY spectra at when supplemented b{Z-detected®C relaxation rates, the
900 MHz'H frequency then enables full backbone amidexpected high degree of rotationalsion anisotropy could
resonance assignments. This strategy takes advantage of th quantied. Importantly, chelation of a lanthanide tag near
helical nature of the structure, which gives rise to strorthe N-terminal end of the SAH h&ligreated strong local
sequentiaHN *HN NOEs, and allows a straightforward link alignment of the helix relative to the magnelic Analogous
to the correspondinfC chemical shifts through standard to the pioneering work of Bertini etalthe decrease in
TROSY-based triple resonance NfiEhereby providing alignment as a function of distance from the tagging site then
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provides direct access to the persistence length of the helisas used to verify the identify and purity of the 113C MT-DOTA-Lu/
Together, these data provide a detailed characterization Taf. No impurities or unlabeled 113C MT were observed in this LC

both the structure and the backbone dynamics of the SARS! MS analysis.
Circular Dichroism Measurements.CD spectra were recorded

domain embedded in the myosin-VI MT, revealing a highly .
regular, kink-free helical structure that extends from residue éﬁé?:gm;loodggcm%ﬁgﬁﬁseg Ssmg/laE(? IA(;mpEatGHSI‘er?gthaquartz

to E62, with only a moderate degree of increased dynaml&ﬁ/ette. Thermal melt experiments were carried out by recording the

near the ends of the helix. CD signal at 222 nm as a function of increasing temperature from 0 to
80°C at 0.5°C/min. Using the CD spectra from 1280 nm, the -
METHODS helical content was derived using the CDNN prdgram.
Expression and Puri cation. The cDNA of the native MT Backbone Assignment Experiments.All experiments used for

domain ofS. scrofpig) myosin-VI, containing the SAH, was fused to backbone assignments were in 20 mM sodium phosphete2ou
the 1gG domain B1 of Protein G (GB1) and cloned into the pET24dnM EDTA, pH = 6.3, 20C. The 4D'H N N 'H HMQC-
vector by Genscript (Piscataway, NJ), which subsequently perfornfd@ESY-TROSY-HSQC spectrum was pivotal in the assignment
site-directed mutagenesis to create MT variants (see belowdrocedure and was carried out on a 900-MHz Bruker Avance-llI
Specically, the N-terminus of SAH was spliced to a TEV cleavaggPectrometer equipped with a z-gradient TCI cryogenic probe, on a 1
site (ENLYFQG) added to the C-terminus of GB1 (GB1-TEV-SAH).mM solution ofH/ "N MT in 92% HO, 8% DO, and assignments
To facilitate Ni:NTA purication, the GB1 domain included a 6xHis Of the TROSY-HSQC spectrum subsequently were transferred to
site at its N-terminus. The GB1-TEV-MT containing vector wagli erent conditions mostly by stepwise titration. To generate
transformed int&. coliBL21(DE3) cells and grown to an OD of Su cient spectral resolution in the available measurement time (2.5
0.7 at 37C in M9 medium before induction with 1 mM of IPTG. days), nonuniform sampling was empfGyeith acquisition times
Expression of the GB1-TEV-MT construct (3 h af@7 was of 39.7 ms'H,ty), 38.4 ms ™Nt,), 128 ms {Ny), and 170 ms
followed by centrifugation at 4000 rpm for 20 mirf@&t Zhe cells  (*H.ty), with a sparsity of 0.49% prior to extension of the time domain
were then resuspended in 50 mM Tris-HCI, 500 mM NaCl, 20 mMlata. A total of four scans per FID was used to permit phase cycling
imidazole, pH 7.4, including cOmplete Roche protease inhibitdpr axial peak suppression. Spectral reconstruction was carried out
cocktail (Buer A), and passed once through an Avestin Eemulsi  with the SMILE prograifiyielding a nal digital resolution of 6.7 Hz
C3 homogenizer (ATA Sciemti Taren Point, Australia). The (*H,F), 7.1 Hz {™N,F), 1.6 Hz {™N,R), and 2.2 Hz {H,F).
resulting lysate was then centrifuged for 1 h at 20 000 rpri@nd 4 Additionally, a 3D TROSY-HNCACB spectrum was recorded at 700
Next, the supernatant watered through a 0.22 mniter before MHz 'H frequency on a 1 mM samplétdf 1N/ *C MT. All data
passage through a 5 mL GE His-trap column, equilibrated with bu Were processed using NMRPipand assignments were made by
A, and eluted using a step gradient of 3% and 3@¥#b(bu er A means of analysis software included with NMRPipe, principally
plus 1 M imidazole), respectively. Fractions containing GB1-TEV-Mgtroll.tcl and NMRDraw.
were collected and, if needed, concentrated to a volutheZahL Backbone Dynamics. Heteronuclear TROSY-based relaxation
before injection onto a Superdex 26/60 G75 column equilibrated witexperiments using previously described pulse setjuereres
25 mM Tris-HCI, 100 mM NaCl, 0.5 mM EDTA/TCEP, pH 8. To carried at 600 and 800 MHA frequency on a 1 mM solution of
isolate the MT domain, TEV protease was added to the combinéti/ N MT at 20 °C, to obtain®*N longitudinal Ry, transverse
GB1-TEV-SAH fractions at a TEV:protein ratio of 1:50. After thg R, ), and heteronucled®N{H} NOE relaxation dataR;
reaction mixture was left fot6 18 h at room temperature, it was measurements were carried out using a spindiacistrength of
passed again through a 5 mL GE His-trap column using th2.5 kHz (calibrated according to the power level needed to obtain a
aforementioned protocol. Ped MT was obtained in theow- 100 s 90 pulse width), and reported values were corrected-for o
through. For NMR experiments, the MT domain was concentrateésonance ects usingg, = (R sit R)/cos? , whereR, is
and buer-exchanged into the leus noted in the text. The construct the experimentally measured v&pues the on-resonance value, and
used for our NMR studies has the following sequence, G = tan}( / zp, with being the resonanceset and gr the
K'QQEEEAERL RRIQEEMEKE RKRREEDEQR RRKEEEERRNMtrength of the spin lockld, both in units of HZ Analysis of the
KLEMEAKRKQ EEEERKKRED DEKRIQAE/W, whetecétre- relaxation data was carried out using the Modelfree4 ptbgram,
sponds to K7 in S. scrofgpig) myosin-VI, which dérs fromH. downloaded from the NYSBC Web sitenf.NYSBC.oyg
sapiensy a K945Q substitution. The non-native N-terminal Gly is a 3},y; Measurement. Residue-speci values fofl,, were
remnant of the TEV cleavage sequence, and the C-terminal Glu vedained at 35C and 900 MHz from a fully protonatée-
substituted by Trp during later stages of the project to facilitatenriched sample (1 mM) of MT. Two ARTSY-J experiinerese
quanti cation by optical density. The total mass of the polypeptidezarried out, usingl,yy dephasing durationg, of 30 and 50 ms.
assuming natural isotopic abundance, is 8972 Da (9029 Da fosing the relatiofil,yy = (1 + 0.20&; d)\lapparenfﬁcomparison of
E68W). the two sets @f,paenvaluesiigure SyieldedR, =5.7 st Values
For generating the requisittN-, *C-, and ?H-isotopically ~ reported hereTable S)include the correction relative to the values
enriched sampleSN-ammonium chlorideéH/ **C p-glucose, or  measured for; = 30 ms, and are 3.5% larger thgp.e,@t 4= 30
2H p-glucose were used as the sole sources of nitrogen, carbon, arsl
hydrogen. Additionally, for gesming perdeuterated sample, Hydrogen Exchange.HX rates were measured at 900 Mz
deuterium oxide (99%,0, Cambridge Isotope Laboratories, Boston, frequency at both 20 and 3C, using a 1 mM sample of
MA) was used in place of,® in the expression medium and perdeuterated™-enriched MT sample in 95%C4 5% DO, 25
supplemented with 1 g/L of ISOGRO of the desired isotopicmM sodium phosphate kar, pH 7.8. Rates were measured using the

composition (Sigma-Aldrich). WEX-IIl TROSY experimetitusing acquisition durations of 155 ms
For tagging MT withR4SDOTA-M8, loaded with either thulium  (t;, ) and 122 mstg, HN), and seven durations for the water
(Tm) or lutetium (Lu), puried 113C MT domain was hber- inversion interval, ranging from 5 ms to 1 s.

exchanged into 100 mM Tris-HCI pH 7.8 using a PD10 G25 column Residual Dipolar Couplings. RDCs were measured under
(GE Healthcare). The concentration of MT, post-PD10, 2@s  various dierent alignment conditions. Two sets were collected
M. Immediately after bar exchange,20-fold molar excess of where the MT alignment was induced by immersing it in a dilute
4R A4SDOTA-M8-Lu/Tm was added to the MT domain solution. liquid crystalline suspension of Pfl, purchased from ASLA Biotech,
The reaction mixture was then incubated &8 20 h at room Riga, Latvia. Therst sample contained 13 mg/mL Pfl in 25 mM
temperature before it was passed twice through a PD10 columngodium phosphate ter, pH 6.3, 2 mM EDTA; the second sample
remove excess tag and exchange to NMR. luiquid chromatog-  contained an additional 100 mM NaCl. Pfl was purchased as a
raphy electrospray ionizatiomass spectrometry (LESI MS) concentrated stock solution, which due to its high viscosity made
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precise pipetting challenging. Reported Pfl sample concentrations 119
therefore were derived from the obsefdelibck solvent splitting,

using the agoroximation that a lock splittingHf corresponds o -

mg/mL Pf12" A third set of RDCs was acquired using paramagnetic  1oq ° o

alignment, in a solution containing 25 mM sodium phosphate bu > g o ®@ ° od
pH 6.3, 2 mM EDTA. This latter set required generation of twoe 8 _o
samples, with either a paramagnetic (Tm) or diamagnetic (Lu): | - ® o o o
lanthanide chelated to a DOTA-M8 metal-binding tag, engineered” 121 < > °

and kindly provided to us by Dr. D. Haussitfgéhe DOTA-M8 o >
was attached to Cys-13 of a 113C mutant of the MT construct. For all
samplestH N RDCs were obtained at 900 MMz frequency 122 b
using the ARTSY experim&hiwhich derives the RDCs from s
intensity ratios in two TROSY-HSQC spectra, recorded in an  ppm 83 8o a1 8'0 79
interleaved manner. Additionally, for the sample with added salt, one-
bond**C !N and two-bond®C HN RDCs were derived from

the di erence in splitting observed between two 900 MHz E.COSY-
HSQC-TROSY specﬁ%,recorded with and without Pfl on a

119

uniformly>N/ *3C/2H-MT sample. z 120
RESULTS w121 K33
Resonance Assignment and Secondary Structure. 122
The highly repetitive MT sequenéeg(ire A) and its very
high fraction (72%) of Arg, Glu, and Lys residues, which have ppm 8.0

nearly the same random coil chemical shifts, and therefore very
similar 3C  chemical shifts when embedded ihelical . o _ .
secondary structure, caused numerous ambiguities wHggure 2.Depiction of the residue assignment protocol for the MT
followingthe conventional triple resonance assignmefPman using a 4D amidemide HMQC-NOESY-TROSY-HSQC

: ctrum (900 MHz; 250 ms NOE mixing time?’@J) recorded
protocol. Moreover, we observed rapid transverse relaxat nonuniform (0.49% sparsity) sampling. (A) Projection of the 4D

of both the amid®¥ and the'>N resonances, much faster than spectrum on the §FF,) TROSY-HSQC plane. The chemical shift

anticipated for the small size of the MT domain studied herg:ajes have been adjusted to make them consistent with the HSQC
(69 residues), resulting in broad, weak reson&nges:(B). cross sections by adjustment forg/2 displacement of cross
The rapid transverse relaxation results from the higbeak positions in TROSY-HSQC spectra. (B,C) Two-dimensional
anisotropy of M'E rotational diusion tensor, where the (F;, F) cross sections, orthogonal to the () planes, at the
amide vectors are aligned approximately parallel to the heliga¢mical shift positions of the amide resonances of (B) E34, marked
axis and thereby experience the slowest rotatiarsibai* by the red cross hairs, and (C) E35, marked by the blue cross hairs.
However, TROSY-HSQC measurements carried out at 9¢g0SS Peaks b+ 1 andi + 2 are marked by residue type and
MHz dramatically improve the attainable spectral resolutio?fmber' B34 in (B) also displays a weak cross peak itesidue
(Figure €) and remove the large variation in intensities tha
results from modest fractional etences in transverse
relaxation rates. The anticipated high helicity of the MTcomparison of the amide signal TROSY intensity in the
domaifi® (>90% based on CD measuremeRtgure Sp presence and absencélgf, dephasing. The measurement
resulted in relatively strong and quite uniform sequentiglas carried out for dephasing durations of 30 and 50 ms,
amide amide NOE connectivitiedyy. This feature, com- vyielding very close agreement between the two sets of data
bined with improved resolution attained through TROSY(Figure S These3l,,, values Figure B) are highly
detection and the use of nonuniform sampling (NUS), enablesbnsistent with the corresponding secorid@rychemical
the recording of highly resolved 4D améaeide NOESY  shifts and comm the uninterrupted helical structure of the
spectra on a perdeuterated, amide-protonated s&igple ( MT domain, explaining the exceptionally high mean residue
2), which in addition to strong sequentdyy(ii = 1), ellipticity at 222 nm of ca.3500 degnf/dmol at 20°C
connectivities also showed numerous wagér + 2) and (Figure SR
evendy(ii = 3) NOEs, permitting straightforward and  Structure of MT. While initially the MT domain of
unambiguous linking of all amides throughout the entire helicalyosin-VI was believed to be a dimeric coiled®tbits
section of the MT construct. Assignments of the most N- anghonomeric nature was subsequently established by multiple-
C-terminal residues were awned by recording a TROSY- angle light scatterifigindeed, indistinguishable resonance
HNCACB spectrum, which also yield#&l and soméiC positions and line widths in our TROSY-HSQC spectra
chemical shifts. Large second¥y chemical shifts com recorded at concentrations of M to 1 mM do not show
the uniformity of the helical structure of the MT domain, withany sign of intermolecular interactidrigire S3A With the
a gradual reduction in secondary chemical shifts toward theinterrupted -helical structure of MTrmly established
termini of the MT domain, indicative of increased helicafrom®*C chemical shifts aiid,y, couplings, RDCs provide
fraying Figure 3). a unigue and unambiguous route to study the global structure
Despite the rather fast transverse relaxation dHthe of the MT domain and probe for the presence of potential
resonances, even in TROSY-type spectra, and the small vahesds or kinks.
of 31,uy couplings in helical structure, reliable values for this As anticipated, alignment of the highly charged MT domain
coupling were measured at@ausing the recently introduced in a liquid crystalline suspensionlafentous bacteriophage,
ARTSY-J experimetit. This experiment relies on the Pfi, is impacted by its extreme deviation from spherical shape,
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Figure 3.Residue-speci NMR parameters reporting on secondary Figure 4.Measurement of RDCs at 900 MHz,°0 (A) Dyy
structure of MT. (A)C secondary chemical shifts. Secondaryvalues measured in the presence of 13 mg/mL Pf1 in 20 mM sodium
chemical shifts are relative to the Poulsen random coil’Valuesphosphate, 2 mM EDTA, pH 6.3 (black), and upon addition of 100
corrected for the ect of deuteratioff. () 31, couplings MM NaCl (red) on a 1 mM sample of perdeuteraftid“C
measured at 3. Values were measured at 900 MHzequency ~ enriched MT. Plotted values ignore the negative sighiN) i.e.,

using the ARTSY-J experiment, and corrected for ¢oe af the plotted negative values correspond}ig + 'Dyy| splittings

Ry(H ).*°* The secondary chemical shifts*pg, were measuredat Smaller than 90 Hz. (B,C) Small regions of the TROSY-HSQC-
35°C, for a construct that includes E68. E.COSY spectra on (B) the isotropic and (C) the aligned sample,

illustrating the measurement’Df,c and ?Dq, couplings in the
sample containing 100 mM NaCl. RDCs are list€dhle S2
which results in strong steric alignment. Additionally, the
alignment is impacted by electrostatic interaction with the
highly negatively charged Pf1 phage. This latter interaction c3th ciently strong to permit measurement of the srHadlgr
be reduced by increasing the ionic strength of tiee,land ~ and’Dcy RDCs, in addition ttDy,. The relative precision at
measurements therefore were carried out at both our standavtlich these smaller couplings can be measured from a HSQC-
condition (20 mM sodium phosphate, 2 mM EDTA, pH 6.3) TROSY-E.COSY spectriins somewhat lower than that for
and the same bar with addition of 100 mM NaCl. SAH 'Dyy RDCs Eigure B,C), but nevertheless these couplings
domains are known to be little impacted by ionic strength aterve as important complementsiDg, as they strongly
salt concentrations below ca. 1Ihteed, the NMR spectrum increase the width of the orientational distribution of the
is minimally aected by the addition of 200 mM NaEigure sampled RDC vectors.
S3B, con rming that the structure is not altered within our With aQ-factor of 21%, the RDCs of residues E6-K63
detection limits, while making the spectrum more amenable tpite well to an idealizedhelical structure=(gure 3), but
measuring RDCs at high precision. deviations exceed the errors in the RDC measurements by at
Measurement ofDyy RDCs in 13 mg/mL Pfl shows least 2-fold, meaning that some deviations from an-fosixd
considerably larger couplings in the sample containing tlaee present.
additional 100 mM NacCl than the measurement in standard It is well recognized that RDCs are impacted by internal
bu er, conrming that the MT alignment is impacted by both motions}*** a fact that has been exploited extensively to
steric and electrostatic interactions withldmeentous phage. quantify the amplitude and direction of internal motions,
In the sample containing 100 mM NaCl, the sinusoidaintegrated over time scales ranging from pico- to micro-
oscillation in the size of the RDC, commonly referred to as second$’ For moderate amplitude isotropic internal motion,
dipolar wave pattefh,is of small amplitude and nearly the experimentally detected RDCsrgborder, scale with the
vanishes for the center region (E28-B3dure A), as size of the generalized local order paraf@dtethe absence
expected when the helical axis becomes nearly coincident vdgtfslower, micro- or millisecond internal motions, as applies for
the symmetry axis of a (nearly) axially symmetric alignmeMT (vide infra),S is equivalent to the square root of the
tensor Bupporting Information t§xtin fact, the small Lipari Szab® generalized order parame#, commonly
amplitudes of the dipolar wave oscillations on both the Nextracted frorf®N relaxation analysis.
and the C-terminal sides of this center region already Although for globular proteins, the amplitude of internal
foreshadow that the helix axis does not contain any substantrations across residues involved in secondary structure is
kinks or bends. In the absence of the additional salt, threlatively uniform, and correction for the amplitude of motions
alignment of the MT domain is somewhat weaker, and thia the calculation of an accurate, time-averaged structure is not
center of the helix orients at a small angle (of Yaeldive needed, for the MT domain the situation is somewhat more
to the z-axis of the now slightly more rhombic alignmentcomplex. As discussed belbW, R, rates monotonically
tensor Table SR In the presence of salt, alignment wasdecrease when approaching the ends of the helical domain,
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Figure 5 Results of SVQs of experimental RDCs to an idealizhdlical structure with backbone torsion angles 062.5, 423, =

18C. Only the RDCs for residues B3 were used to carry out thebut the correlation is shown for all observed couppgsand?Dc

were upscaled by multiplication with the inverse of the respective dipolar interaction constants (2609 &nde&&B 2Dy, (21 585

Hz), ignoring the ect of the sign of thEN gyromagnetic ratio on the RDC, thereby ensuring that normalized RDCs of the same value
correspond to the same orientational restraint. Thus, the uniformly negativé®g|uiestiof plot correspond ftl, + Dyl < 92 Hz. RDCs

were measured in the presence of 13 mg/mL Pf1, 100 mM NacCl, except for théDighvadaes (no NaCl). (A) SVt of the RDCs (scaled

for the interaction constants). (B) SViDof the RDCs after correction for the variatiof™NnR, value, as discussed in the text, to (B) the

idealized -helical structure and (C) the XPLOR-NIH structurener with theR,-corrected RDCs. (D) Two orthogonal views of thee

structure, with the backbone displayed as a ribbon diagram, and the corresponding alignment frames depicted next to them (top, no NaCl; botto
with 100 mM NaCl); side chains are shown in full atom representation, but are restrained solely by the emplddairfescgDB and

eefxpot) in the XPLOR-NMstructure calculation. Glu and Asp are in red; Lys and Arg in blue; and gray for all other residues. Salt bridges and

H-bonds between the side chains are drawn as thick lines.

indicative of increased amplitudes of motion.r3toorder,
N R, equalss’ x J0), where)0) is the spectral density at  J0), which is contrary to observation (vide infra).

zero frequency. The possibility that this decrease could beWe therefore make ast-order correction by scaling all
caused by a gradual bending of the helix relative to &RDCs observed for residusy the square root Bf(center)/
Ry(i), whereR,(center) equals the averadd¢ R, rate for the
center 15 residues (residues HZR). Importantly, this
correction of the RDCs for theeet of internal dynamics

approximately axially symmetric rotationalsiin tensor is
excluded by the consideration th2 *H vectors are

pointing away from the helical axis by abdutThkrefore,

di usion tensor, and thereby introduce a periodic oscillation of

a bending of the helix axis would cause a modulation of tmesults in improveds of these scaled RDCs to an idealized
N H angle, as a function of residue number, relative to thieelix Figure B), as well as improved cross validation statistics
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for a structure derived de novo from RDCs, in particular foand*3C {*H } NOE values in a fully protonaté#;/*N-
residues near the ends of the SAH donTaibl¢ Sk labeled MT sample. TR&C H vectors make an angle of
Together with the information derived from hydrogenca. 68 with the helix axis, and theref&i@ relaxation is
exchange measurements (vide infra) that the amides of Atlominated by rotation of MT around its long axis, that is, by
165 are engaged inrhelical H-bonds, allowing the use of antheD component of the dilsion tensor. This contrasts with
empirical potential-of-mean-force (PMmhese scaled RDCs ™N R, relaxation, which is dominatedCby
then serve as the primary restraints in a calculation of theSite-spect measurements’d€ relaxation rates, which, at
structure using the XPLOR-NIH progfdms expected, the least in principle, could be carried out by transf&iCof
resulting structure is highly regular, lacks anycsiginkinks,  magnetization via&C to N, followed by amidé detection,
and only shows a very minor degree of bending along its ca.&@ challenging for the MT domain due to the fast transverse
A long axis Rigure B). With a Q. of 12.9%, agreement relaxation offC , yielding low sensitivity. Instead, we resorted
between the observed and btetd RDCs to this'stati¢ to direct*C observation, where tf€ resonances of the
structure Figure &) is remarkably goodréble SR It is helical Glu, Lys, and Arg residues are completely overlapped
worth pointing out that thi€).. factor is a true cross (Figure S5A The intense, doweld shoulder of this
validation measure: Four sets of structures were calculatadresolved cluster of resonances has the largest secondary
leaving out all RDCs for residoes n x 4, withm=5, 6, 7, 13C chemical shifts and therefore is representative of the most
or 8, anch = 0, .., 14Qye values were then calculated on the ordered residues in the MT helix. Indeed,it4.4 s?) and
basis of the derences between observed RDCs and those n@, (38 s!) values Figure Sp are consistent with rapid
used in each of the four sets of structures, while using theorientation of théC H vector. Considering th&
alignment tensor parameters obtained for a structure whereralles in proteins are dominatedX) spectral density and
RDCs were included. Slightly lower (i.e., beQapvalues  that the prefactor from the one-bond dipolar interaction
can be obtained by randomly, cyclically omitting a small@ombined with the ect of chemical shift anisotropy is about
fraction of the RDCS.However, with four RDCs per peptide 3.5-fold larger fdfC than for®N, for isotropic diusion one
group of xed, planar covalent geometry, the issue of wheth@fould exped®,(*3C ) 3.5x R(*™N) 120 s!instead of
the obtained Q value then represents a true cross validatigie observed, more than 3-fold lower value, pointing to
statistic can be debated, and we therefore opted against jgreme rotational dision anisotropy.
latter approach and chose to use the more challenging statisticto quantify the rotational dision anisotropy, werst
As mentioned above and discussed in more detail below, arried out a modelfféeanalysis of the center section of the
nding that, on average, the helical axis is nearly straight dagF domain, whose RDCs were least impacted by internal
not mean that it does not undergo substantial time-dependegynamics and whose structure is precisely known from the
deviations from this average. Below, nge discuss the above RDC analysis.
amplitude of local internal backbone dynamics, followed by aRelaxation data analysis was carried out using the Model-
discussion of the impact of such motions on the persistenfree4 software packageshich permits restriction of dision

length of the helix. tensor anisotropy valuess D /D , or xation of the mean
Relaxation-Derived Backbone Dynamics of MT.The correlation time,,, = 1/(2D + 4D ). A systematic search for

amplitude and time scale of internal backbone motiomstare the applicable rotational dsion tensor was carried out using

evaluated by standard analysi&MfR;, R, and **N{'H} the relaxation rates of the most ordered, center part of the MT

NOE relaxation rates measured at 800 and 600 'MHz domain (residues E2B42). Perhaps surprisingly, this search

frequency (18.8 and 14.1 T, respectively) while accounting fagveals that there is a substantial range afd |,

anisotropic rotational disiom:®** Near the midpoint of the  combinations that cart the !N and 3C relaxation rates

MT domain, itsR; rates at 18.8 T are low and approach 0.5to within experimental erroFifure @), with a shallow

s 1, while, at a value of ca. 49 theR, rates are exceptionally minimum centered near 10.5, ,,= 9 ns, but the entire blue

high for a construct of only 69 residues. A plot &;tlrates region of the plot satiss the relaxation data well within

measured at 18.8 T against the 14.1 T values yields a straigkperimental error. Theseand |, values are in agreement

line with a slope of 1.19 and no sicgut outliersKigure Syt with results of hydrodynamic calculations for a straligitx

This slope is very close to the ratio expected for a procest60 residues (90 A) in length and a radius of 6 A, where the

dominated by(0) spectral density, @ld-independent dipolar radius has been derived assuming a protein density of 1.4 g/

interaction constant of 21.6 kHz, an¥™ chemical shift — cn?. Adding the standard 3 A surface layer to account for the

anisotropy of 170 ppm. This result therefore excludes treum of the'bare-atorhcorrection and the hydration surface

presence of sigeant exchange contributiofy, to the layer;” this yields a hydrated cylinder of 96 A in length and 18

observed transverse relaxation rates. We note that a spheridllyi diameter $upporting Information t@xHydrodynamic

shaped protein with a volume equal to that of the MT domaimodeling calculations by Garcia de la Torre and Bloom-

(ca. 10 nrf) with an additional 0.3 nm layer to account for eld*>° then vyield a ,, value of 10.3 ns, and a uiion

surface hydrogens and the hydratiorfayéras a calculated anisotropy = 7.6, fully consistent with those obtained by the

overall correlation time of about 6 ns at@PandR/R; Modelfree4 t** to our experimental data.

ratios of 4.4 and 6.9 at 600 and 800 MHz, respectively. TheWith the global dusion tensor established above, the full

R/ R, ratios of MT are more than 10 times larger, set of relaxation rates derived for the entire MT construct was

foreshadowing that its overall udion is highly aniso- used to evaluate the amplitude and time scales of motions

tropic®®** within the frame of this dision tensor. We found that the
Unfortunately, the very narrow orientational distribution ofsimple modelfrée tting.”° that is, ascribing a single time

N H vectors within a single, nearly straight helix isdiesu scale to the internal motions, can adequatelthe

to determine the anisotropy of a rotationalsion tensot’ experimental data-igure 8 D). Near the middle of the

and we therefor@st aim to measure thi€ relaxation rates  MT domain, the tting results yielde®f values that exceed 0.9
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above. The ective correlation times for the internal motions
derived by Modelfree4, ca. 1 Rgj(re ), are considerably
longer than the typical values of BOO ps seen in globular
proteins. We interpret such motions as undulations in the
straightness of the helical rod, with the amplitude relative to
the inertia frame naturally increasing (i.e., decr&3siigen
approaching the ends of the helix. Such motions clearly are
expected to span a range of time scales, but as stipulated in the
modelfree approatha distribution of these times cannot be
extracted uniquely from the available experimental data and

(B): 1 S L L LS G therefore is substituted by a singlecéve value. The
2 oo w amplitudes of theuctuations of the NH vector orientations,
P e re ected inS, in this analysis can be interpreted as resulting
03 from local uctuations in the orientation of the helix axis
C)m s ™ 7 T T T 1 relative to its average, nearly straight structure. If interpreting
o ol Mj this motion as dusion in a cone of half anglgS 0.6
o N . . -5 values near the ends of the helix corresp&d €775, or o
33.
(D) = 05F Tt ] Rotational Di usion from *H *H NOE.The rotational
8 of 8 di usion of MT is also encoded in th¢" HN NOESY
Z 051 1 spectrum of fully perdeuterated, amide-protonated protein. In
— particular, the ratios of the sequential cross-peak to diagonal
(E) [ L S S L peak intensity,.,/ 14, prove useful for this purpose. Growth of
G OB e e 7 NOE cross peaks decreases with mixing time, making the
06 * T buildup of NOE intensity nonlinear in the region where high
— intensity cross peaks are obtained. On the other hand, diagonal
(F) ~ T T T T T T T T T T T T intensity decreases with mixing time. As a consequence, the
@1588: o T e e il ratio of diagonal to cross peak intensity remains close to linear
< sool C T . over a much wider range of mixing times than the cross-peak
o 20 30 a0 50 0 buildup itself $upporting Information text; Figure B6A
Residue Number Importantly, our 4D NOESY spectrum of this spHrsin

system provides well-resolved access to both the diagonal and
the cross peaks and provides a simple alternative to recent
work aimed at making the relation between NOE and

Figure 6.Analysis of MT backbone dynamics ftéxhrelaxation
data using the Modelfree4 progta@) Grid search over the mean
rotational correlation timg, and the diusion anisotropy=D /D

for the minimum normalizedi={ nss (R0 R, 8001 interproton distance more quantitative.

2+ (R, 0000bs R 600fyZ 2 (R E000bs R nsoo,t’l‘)z/ 2 4 The buildup of NOE cross peak intensities between protons
(R, 800,00 R2n600,fi)51/ 2+ (NOEnﬁoorfobs NOES0M2 2 4 i andj is proportional to théH *H cross-relaxation rate,

(Ry F000bs R, 002 2 4 (R, 000bs R, 600.MHZ 2 4 This rate, , is a function of (a) the overall rotationaiigion

(NOE0bs  NOELM? 2/ N function when tting the  tensor of the helix, (b) the internuclear i distance, and

relaxation rates of residues 28 42 to the simple modelfree (c) the angle of the HH; internuclear vector relative to the

formalism with axially symmetric overallugion, using the  |ong axis of the helix. In addition, an order paraSygtehat

coordinates of the RDC-red MT domainRy,, Ry and NOE accounts for internal motion of the H; internuclear vector

refer to the longitudinal and transvéidaelaxation rates of residue scales ;. The NOESY spectrum was recorded using a long
PR LNTE! ij*

n and its*N{H} NOE, wherea®, o Ry, and NOE are the mg(ing time (0.25 s) to ensure adequate signal/noise of the

corresponding average rates measured for the overlapping group o . > . o
R/K/Qpresiduges inF?gure S5and include the entirgphe%ib%. P cross-peak intensities. Its cross-peak intensities then can be

corresponds to the total number tied experimental constraints, readily compared to those calculated for an idealtzsitk

and the colors correspond to IRy( Uncertainties in the  (Supporting Information tgxtSpin-diusion eects were
experimentaR, rates (;) and R, rates (,) were estimated to be accounted for by including cross-relaxation involving seven
3% of their measured values; the error in the NOE,wa8.03 sequential spins in the simulations of the cross-peak intensities.
based on the signal-to-noise in the acquired spectt?C amtbrs  For a mixing time of 250 ms, the calculation using the above
were estimated af = 0.03 s', s=1s", and c=0.01. The blue  erived diusion tensor yields a value.of I, = 0.33, in fair

region of the plot marks the range,pdnd where the data can be agreement with experimentally observed ratios af 0.08

t to within their experimental uncertainty (18g( 0). (B D) . -
Agreement between experimentalRBJC) R, and (D) “N{H} for residues E&63 (Figure Sp The result that the

NOE data (black symbols, 600 MHz; red symbols, 800 MHz) ang@lculated value is somewhat larger than that measured is
corresponding values predicted by Modelfree (solid blue lines) whétiributed to internal motions, thag,” < 1, similar to what

using ., = 10.3 ns; = 7.6 (position X in panel A), and thited is found for the NH order parameter. The experimentally
residue-sped order paramete®8(E) and internal correlation times  observed decreasel,in/ |4 ratios as residue positions recede
< (F) obtained by Modelfree4. from the center of the helikigure S6Bclosely parallels the

behavior of*"N R, and S (Figure €,E). Although for MT,
(Figure &), and therefore are comparable to what is found ithe decrease in sequentitll *HN NOE when approaching
well-structured globular proteins. When moving closer to ththe terminal regions is foreshadowed by*Mheelaxation

N- and C-termini of the helix, a gradual decreaS2 i analysis, ignoring that the increased amplitude of backbone
observed, consistent with somewhat smaller RDCs, discusdgdamics results in only very small distance errors: a 20%
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